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ABSTRACT
The cosmic background due to the Sunyaev-Zeldovich (SZ) effect is expected to be the largest
signal at mm and cm wavelengths at a resolution of a few arcminutes. We investigate some
simple statistics of SZ maps and their scaling with the normalization of the matter power
spectrum, σ8, as well as the effects of the unknown physics of the intracluster medium on
these statistics. We show that the SZ background provides a significant background for SZ
cluster searches, with the onset of confusion occurring around 1014h−1M⊙ in a cosmology-
dependent way, where confusion is defined as typical errors in recovered flux larger than 20%.
The confusion limit, corresponds to the mass at which there are roughly ten clusters per square
degree, with this number nearly independent of cosmology and cluster gas physics. Typical
errors grow quickly as lower mass objects are included in the catalog.
We also point out that there is nothing in particular about the rms of the filtered map that
makes it especially well-suited for capturing aspects of the SZ effect, and other indicators
of the one-point SZ probability distribution function are at least as well suited for the task.
For example, the full width at half maximum of the one point probability distribution has a
field-to-field scatter that is about 60% that of the rms.
The simplest statistics of SZ maps are largely unaffected by cluster physics such as pre-
heating, although the impact of preheating is clear by eye in the maps. Studies aimed at learn-
ing about the physics of the intracluster medium will apparently require more specialized
statistical indicators.
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1 INTRODUCTION
The properties of the cosmic microwave background (CMB), and
particularly its anisotropies, are a treasure trove of information
about the fundamental cosmological parameters that define the
large-scale structure of the Universe and about the early Universe
physics that set the stage for the emergence of the present-day cos-
mic structures. As CMB experiments reach higher sensitivity (ap-
proaching 1 µK) and higher resolution (approaching 1 arcminute)
across a wide range of frequencies (from 20 to 900 GHz), they also
hold forth the promise of providing new windows for probing the
distribution of matter at redshifts z ≪ 1000. This material is the
dominant source of the temperature fluctuations in the CMB on
scales less than 4 arcminutes.
The largest source of these small-scale anisotropies at the mm
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and cm wavelengths is expected to be the Sunyaev-Zeldovich (SZ)
distortion from clusters of galaxies (Sunyaev & Zeldovich 1972;
Birkinshaw 1999; Carlstrom et al. 2002). This distortion is caused
by the inverse-Compton scattering of CMB photons by hot intra-
cluster gas, and it has a characteristic spatial and spectral signature
in CMB sky maps. The magnitude of the SZ effect from a galaxy
cluster is determined by the integrated gas pressure along the line
of sight; SZ anisotropies thus have the potential to yield valuable
insights regarding the physical processes at play within clusters,
especially those that have shaped the spatial and thermodynamic
properties of the diffuse baryons.
The current measurements of the small-scale anisotropy by
instruments such as the Cosmic Background Imager (CBI) (Mason
2003) and the Berkeley-Illinois-Maryland Array (BIMA) (Dawson
et al. 2002) are broadly consistent (Komatsu & Seljak 2002; Holder
2002a; Bond et al. 2005) with levels expected from the SZ effect,
though the slight discrepancy in the normalization of the mass fluc-
tuations σ8 implied by these measurements versus those implied by
other cosmological probes may be a harbinger of interesting times
ahead (Dore´ et al. 2004). Current experiments such as the Sunyaev-
Zeldovich Array (SZA) (Muchovej et al. 2006), the Atacama Cos-
mology Telescope (ACT) (Kosowsky 2006), and the South Pole
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Telescope (SPT) (Ruhl & SPT collaboration 2004) ought to be able
to able to image the small-scale anisotropies with exquisite signal-
to-noise.
Given their importance, considerable attention has been de-
voted to identifying approaches for quantifying, analyzing and in-
terpreting these small-scale anisotropies in the CMB maps. Typ-
ically these have involved either constructing source counts as a
function of source size or source flux density (e.g. Barbosa et al.
1996) or computing the SZ power spectrum (e.g. Cole & Kaiser
1988). (We refer the reader to the review by Carlstrom et al. 2002
for a more detailed discussion of these two approaches as well as
an extensive list of related references.) A hybrid approach was out-
lined in Diego & Majumdar (2004).
In this paper, we examine both these approaches. We show that
the SZ background is effectively an irreducible contaminant that
must be factored into the scan strategies for upcoming SZ survey
experiments. We determine the mass scale below which SZ counts
will be subject to confusion and show that the current generation
of SZ experiments will be very close to being confusion limited if
σ8 = 0.9. We also investigate the “bandpower” approach to char-
acterizing the SZ power spectrum. At first glance, this approach
may appear to be a rather blunt measure, raising questions about
its efficacy for providing useful information about the underlying
sources of the anisotropies.
For these investigations, we generate synthetic maps of the SZ
effect as we vary cluster gas physics and a single cosmological pa-
rameter, the normalization of the matter density power spectrum
(σ8). Our map-making algorithms and underlying assumptions are
discussed in § 2. Our methodology is specifically tailored to cap-
ture the effects of projection and clustering of galaxy clusters but
not substructure and asphericity within the clusters. Admittedly,
the cluster profiles are not very realistic but since we are primar-
ily concerned with the SZ background, we do not believe that this
limitation is critical. On the contrary, since our maps are free of
the ambiguities associated with determining whether one is look-
ing at several objects in projection or a single object with multiple
components, we are able to identify cleanly the influence of projec-
tion and clustering on the SZ maps. Furthermore, the regularity of
cluster populations in X-ray properties (Nagai et al. 2007), which
should be much more sensitive to substructure, suggests that sub-
structure and asphericity are not likely to be large problems.
We use our SZ maps to investigate the SZ background as a
source of contaminant for source counts extracted from a wide-field
survey. Precisely determined SZ source counts are potentially sen-
sitive tools for studying of the growth of structure over cosmic time,
for determining the fundamental cosmological parameters, and for
constraining unknown quantities such as the dark energy equation
of state. The cosmological power of these surveys is crucially de-
pendent (Majumdar & Mohr 2003) on the relationship between the
observable quantities (such as, flux and angular size) and the rel-
evant intrinsic properties of the source population (such as mass).
A significant strength of SZ source counts as a cosmological tool,
the lack of redshift-dependent dimming, is also a weakness: the
SZ sky will also consist of superposition of numerous weak distor-
tions associated with largely unresolved clusters spanning a range
of redshifts and mass scales. These background fluctuations can
significantly distort the observable quantities associated with iden-
tified sources. In § 4, we comment on the resulting consequences
for future SZ wide-field cluster surveys.
Next we look at current approaches to characterizing the SZ
power spectrum. In reporting a power spectrum on a given scale,
a complex map of numerous sources of varying amplitudes and
scales is reduced to a single number, a “band-power”, character-
izing the rms fluctuation amplitude in a SZ map filtered through
some bandpass window centered about the scale of interest. For
the primary CMB anisotropies, this type of characterization is well
motivated, since the fluctuations are believed to Gaussian random
and the statistical nature of a Gaussian random field is completely
specified by its two-point correlation function or equivalently, its
power spectrum. SZ fluctuations, however, are not Gaussian ran-
dom and characterizing them via a power spectrum only makes
sense in the limit of a large number of sources leading to the bulk of
the anisotropy, where one might hope that the map becomes nearly
Gaussian through the central limit theorem. Indeed, as we demon-
strate in § 5, there is nothing about the rms or the variance of a
filtered map that identifies it as especially well-suited for character-
izing the SZ anisotropies. The variance has the nice property that
it adds with the noise variance in a way that is independent of the
shape of the probability distribution, but as the new generation of
experiments begins to image the SZ background at high signal to
noise this is not necessarily a large advantage. In fact, there are
several alternate quantities derived from the one-point SZ fluctua-
tion probability distribution function that allow for somewhat bet-
ter cosmological discrimination, even in the simplest case where
we restrict ourselves to reducing the richness of the SZ probability
distribution (Zhang & Sheth 2007) to a single number.
By restricting our study to one-point statistics of idealized
cluster sources we have eliminated many real-world complica-
tions that are both important and confusing, such as substruc-
ture, detector noise, contamination by primary and secondary CMB
anisotropies and foregrounds. However, this simplicity allows a
clearer understanding of the impact of effects such as projection
effects that would be difficult to clearly identify and isolate in full
numerical simulations. Increasing the realism of the sky maps will
be a necessary next step to be able to connect to real experiments
in a meaningful way. However, we expect the results below to be
robust.
2 MAPMAKING METHODOLOGY
We opt for an approach that uses semi-analytic methods to gener-
ate halo catalogs as a function of cosmological parameters, and use
a well-studied analytic model for the distribution of diffuse gas in
groups and clusters to populate the halos with baryons in a real-
istic fashion. Mechanically, this procedure is similar to that done
by Kay et al. (2001), who used the Hubble Volume simulations to
generate halo catalogs and will miss the effects of diffuse gas that
are captured using hydrodynamical simulations (White et al. 2002;
da Silva et al. 2000). Most of the anisotropy comes from bound
objects (da Silva et al. 2001), although there are significant contri-
butions to both the mean Compton y and to the kinetic SZ effect
expected from unbound gas .
We use the Pinocchio formalism (Monaco et al. 2002) to gen-
erate the halo catalogs. Starting with a realization of the initial
linear density field within some specified volume, this algorithm
not only predicts the mass function and the merger histories of the
collapsed halos within the volume, but also provides information
about their spatial locations. The results have been shown to be in
excellent agreement with the results of full N -body simulations.
Pinocchio, however, is computationally several orders of magni-
tude faster.
For the present study, we restrict our consideration to a refer-
ence cosmological model characterized by Ωm = 0.3, ΩΛ = 0.7
c© 2005 RAS, MNRAS 000, 1–10
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Figure 1. The left column shows, from top to bottom, the spherical pressure
profiles for clusters of masses 1 × 1013 h−1 M⊙, 5 × 1013 h−1 M⊙,
2× 1014 h−1 M⊙, and 1× 1015 h−1 M⊙. In each panel, we show pres-
sure profiles corresponding to S◦ = 10, 100, 200, 300, 400 and 500 keV
cm2 (in descending order at r/Rv = 0.01). The right column shows the
corresponding projected Compton y profiles. For a given cluster, increasing
S◦ has two effects on the cluster’s Compton y profile. The amplitude of the
y profile in the inner regions of the cluster diminishes while the signal in
the outer regions increases. Both effects are the most pronounced for low
cluster masses and high S◦. The lower mass clusters have corresponding
shallower potential wells and the gas in these systems is more susceptible
to rearrangement in response to feedback.
and h = 0.7 but allow σ8 to span the range from 0.6 to 1.0. For
each value of σ8, we generate six different simulation cubes of 256
h−1 comoving Mpc on side, and output the corresponding halo cat-
alogs at redshift intervals corresponding to 256 h−1 Mpc in comov-
ing distance. These simulation volumes are stacked to generate an
integrated catalog of halos along a line-of-sight that correctly ac-
counts for the significant evolution of cosmic structure as function
of look-back time. Rather than simply stacking simulations cor-
responding to one realization, we randomly choose between one
of the six volumes at each redshift, randomly select between one
of three possible orientations and further apply a random periodic
global translation to its content. Once the stack is assembled, we
compile a list of all halos that fall within a 2◦ × 2◦ field as seen
by an observer at z = 0. For each value of σ8, we construct 100
realizations of the the 2◦ × 2◦ sky field, and we only include halos
with masses above 1013h−1M⊙ in the catalog. The mass thresh-
old does not have a significant impact on the results. The SZ power
spectrum is dominated by galaxy clusters of masses on the order
of 1014h−1M⊙ (Holder 2002b; Atrio-Barandela & Mu¨cket 1999).
This field size is comparable in width to the “ACT Strip” (although
much shorter in length), and of the same order as a typical SZA
field.
Next, we populate each halo in the final catalog with hot dif-
fuse baryons according to the analytic model of McCarthy et al.
(2003). These models provide a simple, physically intuitive de-
scription of the intracluster medium subject to both heating due
to accretion and infall, as well as non-gravitational heating events
phenomenologically associated with, for example, starburst and
AGN activity at the time when cluster galaxies are form, or AGN
outbursts triggered by inflow of cooling gas once the cluster ap-
proaches a relaxed configuration.
In the standard hierarchical framework, the thermodynamic
properties of the intracluster medium (ICM) are determined purely
by heating due to accretion shocks and compression, and by radia-
tive cooling. It has been known for a decade, however, that clus-
ter models that include only these processes fail to reproduce both
the observed stellar-to-gas mass ratio and the mean observed X-
ray properties of the clusters (e.g. Lewis et al. 2000; Balogh et al.
2001; Babul et al. 2002; Voit et al. 2002; Lin et al. 2003; Mc-
Carthy et al. 2004). For instance, the observed X-ray luminosity-
temperature (Lx − Tx) relation is steeper than predicted. Also,
recent analytic and numerical investigations show that neither the
cosmic halo-to-halo variations in the detailed structure of dark mat-
ter distribution of the cluster halos nor the effects of mergers can
account for the relatively large scatter in theLx−Tx relation (Row-
ley et al. 2004; McCarthy et al. 2004; Balogh et al. 2006; Poole
et al. 2007). On the other hand, models that, in addition to radiative
cooling and accretion-related heating, also include early heating as-
sociated with AGN activity can account for most of the observed
X-ray/SZE/optical scaling relations (c.f. Babul et al. 2002; Nath &
Roychowdhury 2002; McCarthy et al. 2002, 2003, 2004; Ostriker
et al. 2005; Roychowdhury et al. 2005; Poole et al. 2007; McCarthy
et al. 2007) but also for the real scatter in Lx−Tx (McCarthy et al.
2004; Balogh et al. 2006). Additionally, this class of models can
also resolve one of the most persistent problems in galaxy forma-
tion: the production of far too many high luminosity galaxies than
observed (Benson et al. 2003). AGN feedback naturally produces
an anti-hierarchical quenching of star formation in large galaxies,
consistent with observations of galaxy down-sizing, due to the rel-
atively late peak in (z ≈ 2) in nuclear activity (Scannapieco et al.
2005).
Purely gravitational processes produces entropy profiles of the
form S(r) ∝ r1.1 outside the cluster cores. This behaviour has
been noted in numerical simulation studies of clusters (Lewis et al.
2000; Kay et al. 2004; Voit et al. 2005) and has also been observed
in a wide range of clusters (Pratt & Arnaud 2005; Piffaretti et al.
2005; Donahue et al. 2005; McCarthy et al. 2007). In the models
of McCarthy et al. (2003), the extent of AGN heating is parameter-
ized through the modification of the gas entropy profile, specifically
through the introduction of an entropy core of amplitude S◦. The
gas distribution in a halo is specified by the specific value of S◦
and requiring that the gas is in hydrostatic equilibrium. Under the
assumption that S◦ varies from cluster to cluster, one can interpret
the results as a providing a snapshot in time of the gas distribution
in a halo. Unlike the more sophisiticated models of McCarthy et al.
(2004, 2007), those described in McCarthy et al. (2003) do not track
the evolution of S(r) as a function of time. We have opted to used
the more simpler models because by allowing for a variation in S◦,
we are able to span the full range of plausible entropy profiles and
gas distributions without having to concern ourselves with details
of the heating mechanism and of the timing of the heating events in
individual clusters.
The nomalization, slope (shape) and the scatter in the vari-
ous SZ effect and X-ray scaling relations as well as the variations
in the shape of X-ray surface brightness profiles of massive clus-
ters suggest that S◦ spans the range from ∼ 0 − 10 keV cm2 to
∼ 400 − 500 keV cm2, with the entropy profiles for the S◦ = 10
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Figure 2. Examples of maps for different choices of σ8. Each map is a
randomly chosen realization and shows a square that is 0.85 degrees on a
side. The values of σ8 are 0.6 (top left), 0.7 (top right), 0.8 (bottom left),
and 0.9 (bottom right) and the cluster model is chosen to have S◦ = 200
keV cm2. The map resolution is 14” and the shown region is only the central
part of a map that is 2 degrees on a side. The units of the map are 106 × y,
not temperature units. To convert to Rayleigh-Jeans temperature in units of
µK , multiply by 5.46.
keV cm2 models being in excellent agreement with the observed
entropy profiles of the classical cool core clusters (Donahue et al.
2005; McCarthy et al. 2007). We account for this range by generat-
ing a series of spherical pressure profiles corresponding to different
values of S◦ for each of the halos in our final catalogs and use these
these to obtain circularly symmetric Compon y profiles character-
ized by cluster mass, redshift and entropy parameter S◦. All of the
physics of the SZ effect is contained in the Compton y profiles:
y(θ) =
σT
mec2
Z
Pe(r)dl, (1)
where θ is the projected position from the cluster center, σT is the
Thompson scattering cross section, Pe(r) ≡ ne(r)kTe(r) is the
electron pressure of the ICM at the three dimensional position r
from the cluster center, and the integral is performed over the line
of sight (l) through the cluster. For example, the change in the tem-
perature of the CMB due to the SZ effect is (Carlstrom et al. 2002)
∆T (θ) = TCMBy(θ)
»
x
ex + 1
ex − 1
− 4
–
, (2)
where x = hν/kTCMB ≈ ν/56.85 GHz, and TCMB = 2.728
(Fixsen et al. 1996). In the long wavelength regime (the Rayleigh-
Jeans limit), ∆T (θ) ≈ −2TCMBy(θ)
In Fig. 1, we show both the spherical pressure profiles and the
corresponding projected Compon y profiles for clusters of different
masses and a range of S◦. Typically, as S◦ is increased, the reor-
ganization of the gas within the halo leads to the reduction in the
ampltitude and the flattening of Compon y profiles in the cluster
centers. This reorganization also results in an increase in the am-
plitude of the Compon y profiles outside the cluster cores, but the
fractional change is small and the effect is negligible for clusters
Figure 3. Examples of maps for extreme choices of entropy floor: 10 keV
cm2 (left) and 500 keV cm2 (right). Each map is a randomly chosen realiza-
tion and shows a square that is 0.85 degrees on a side. Both maps assume
σ8 = 0.9. The map resolution is 14” and the shown region is only the
central part of a map that is 2 degrees on a side. The units of the map are
106 × y, not temperature units. To convert to Rayleigh-Jeans temperature
in units of µK , multiply by 5.46.
with M >∼ 1014 M⊙. For smaller mass systems, however, the re-
arrangement of the gas leads to a sizeable increase in Compon y
profiles over the bulk of the cluster.
To construct our sky maps, we start with a given catalog of
halo corresponding to a specific value of σ8. We use the positions
of the halos in the catalogs to locate the cluster centers in a 2◦× 2◦
sky field. Next, we choose a value for S◦, select the associated 2D
Compton y profile for each of the halos in the catalog, and place
these at corresponding positions in the sky field to generate an SZ
map. We do this for all catalogs, ending up with 100 realizations
of the SZ sky maps for each (σ8, S◦) pair. As already noted, we
explore σ8 values ranging from 0.6 to 1.0, and for each of σ8,
consider several different values of S◦. We adopt the σ8 = 0.9,
S◦ = 200 keV cm2 model as our reference case. Not all the values
of σ8 in the range being considered are in concordance with either
the constraints from the cluster abundance studies (Henry 2004)
or the recent microwave background results (Spergel et al. 2003;
Spergel 2006); nevertheless it is still instructive to consider the full
range in order to probe the dependence on σ8.
Fig. 2 shows four SZ sky maps generated using a model where
S◦ = 200 keV cm2 and four different values of σ8. The power of
SZ statistics as a probe of σ8 is apparent by eye from this figure, as
the amount of structure is a strong function of σ8. These maps were
selected as the first realization of each ensemble and the central
region was selected for display.
There are two noteworthy items regarding our SZ maps that
we would like to draw attention to. First, our sky maps are con-
structed assuming that all the clusters have the same value of S◦. In
principle, we ought to have allowed for a cluster-to-cluster varia-
tion in S◦ as suggested by the scatter in the SZ effect and X-ray ob-
servations; however, the shape of the distribution in S◦, much less
its dependence on cluster mass and redshift, is not known. To this
end, we have adopted the simplest possible distribution for S◦ and
investigate the possible implications for variations in S◦ by con-
structing maps with different values of S◦. Second, although we
have peculiar velocity information for each of the halos, we do not
make use of these in the present study. Therefore, our maps only
incorporate the thermal SZ effects, not the kinetic SZ effects. The
latter are expected to approximately an order of magnitude smaller
and their inclusion would only have a marginal effect on the issues
of interest to us in the present study.
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Figure 4. Distribution of pixel values for unfiltered maps (14” resolution)
as a function of σ8 (left) and amount of preheating (right). There are some
empty pixels (not shown) due to the neglect of unbound gas, with the frac-
tion of empty pixels increasing with lower σ8. In the left panel, from left to
right the curves show increasing σ8 from 0.6 to 1.0 in steps of 0.1; the right
panel shows increasing levels of preheating at a fixed value of σ8 = 0.9,
from left to right showing S◦ = 10, 100, 200, 300, 400, 500 keV cm2.
Figure 5. The SZ power spectrum (left) and the differential contribution to
SZ power spectrum, dcℓ/d lnMdz, at ℓ ∼ 4500 (right), for our models
with σ8 = 0.9 and varying levels of preheating. At high ℓ the models from
top to bottom have entropy floors of 10,100,200,300,400,500 keV cm2 in
the left panel; the right panel shows entropy floors of S◦ = 10 (blue, dashed
curve), 200 (black, solid) and 400 keV cm2 (red, dotted curve). See text for
details on cluster models. The contours in the right panel are linearly spaced.
The distribution of pixel values in the unfiltered maps captures
some of the details apparent in the maps. As σ8 increases the num-
ber of sources increases, as does the number of bright sources (see
Figs. 4 and 3). Increasing the value of S◦ has the effect of making
clusters less centrally concentrated, leading to fewer very bright
pixels but more pixels at intermediate values, as the outer regions
of the clusters are somewhat enhance (as indicated by the crossover
around 70 µK). The utility of SZ surveys as a cosmological probe
is apparent in that the number of bright pixels is clearly very sen-
sitive to σ8 but not very sensitive to non-gravitational gas physics.
But it is also clear that high resolution µK imaging of the SZ effect
will provide insight into the detailed physical processes at play in
clusters.
3 THE SZ ANGULAR POWER SPECTRUM
The distribution of the CMB temperature fluctuations due to the
SZ effect on the celestial sphere is conventionally written as an
expansion in terms of the spherical harmonic functions,
∆T
TCMB
(θ, φ) =
X
ℓ,m
aℓmYℓm(θ, φ) (3)
and quantified by the coefficients aℓm, or by the angular power
spectrum of the SZ effect: Cℓ = 〈|aℓm|2〉. For small angles
(ℓ>∼ 50) the flat sky approximation should be sufficient, where the
multipole expansion can be replaced by a Fourier expansion (White
et al. 1999) with e2πi~u·~x such that 2π|u| = ℓ.
To gain some intuition for the SZ background, we can use
a Press-Schechter (Press & Schechter 1974) approach to estimate
the form of the SZ power spectrum. Ignoring correlations between
clusters, the power spectrum can be thought of as a superposition
of random sources. Each source has a profile in Fourier space that
is modulated by a phase factor due to its random position on the
sky. At a given position in Fourier space, the superposition of many
sources with random phases leads to a random walk in the real and
imaginary components. The power spectrum is thus given by
Cℓ =
Z
dz
dV
dz
Z
dM
dn
dM
|∆T˜ (ℓ,M, z)|2 (4)
where ∆T˜ is the Fourier transform of the SZ profile, dV/dz is the
comoving volume per unit redshift and dn/dM is the comoving
number density of objects of mass M . We use the number density
indicated by fits to numerical simulations (Jenkins et al. 2001). We
obtain the Fourier transform of the SZ profile using the y profiles
of the preheated models and a Hankel transform routine to take
advantage of the circular symmetry of the model clusters.
In left panel of Fig. 5, we plot angular SZ power spectra as rms
contribution per unit interval [ℓ(ℓ+ 1)Cℓ/2π]1/2 for our reference
model (σ8 = 0.9, S◦ = 200 keV cm2) as well as the full range of
preheated models with the same σ8 = 0.9, with the S◦ parameter
ranging from 10 to 500 keV cm2. In the right panel, we show the
differential contribution to the SZ power spectrum, dcℓ/d lnMdz,
at ℓ ∼ 4500 for the same three models. The effects of feedback
at moderate levels results in the well-known damping of the SZ
power on all scales but most pronouncedly, on small scales (Holder
& Carlstrom 2001; Lin et al. 2004). As illustrated in the right panel
of Fig. 5, the power on intermediate scales primarily comes from
clusters of a few times 1014h−1M⊙ at moderate redshift and as a
result these scales are little affected by preheating. We note, how-
ever, that our calculations do not include the impact of unknown
amount of depletion of electrons due to star formation as a function
of redshift and/or mass. With only <∼ 15% of the baryons in stars(Lin et al. 2003) in the local universe, we do not expect this effect
to alter our results.
The level of preheating has very little effect on intermediate
scales; the SZ effect is most sensitive to gas dynamics on scales of
several hundred kpc, while non-gravitational physics is most effec-
tive on scales of tens of kpc or less. While non-gravitational physics
can be quite effective at changing the small-scale power in the SZ
effect, it is extremely difficult to affect the overall energy budget of
the cluster in a significant way.
4 CONFUSION NOISE FOR SZ SURVEYS
We start by using our simulated SZ maps to investigate the SZ back-
ground as a source of contaminant for source counts extracted from
c© 2005 RAS, MNRAS 000, 1–10
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a wide-field survey. A glance at the maps makes it clear that the
maps are highly non-Gaussian. At the same time, the extended na-
ture of the sources is also apparent, indicating that the maps are also
not a simple collection of points. Consequently, the very strength of
the SZ effect that makes it particular attractive probe of cosmology
and structure formation, the lack of redshift-dependent dimming,
also means that the SZ sky will contain, in addition to well-defined
source signals, a background comprised of the superposition of nu-
merous weak distortions associated with largely unresolved clus-
ters spanning a range of redshifts and mass scales. These back-
ground fluctuations act as a significant contaminant for the source
counts (Schulz & White 2003), potentially distorting the observ-
able quantities associated with identified sources and limiting the
power of the SZ source counts as a probe of cosmology and growth
of structure since the efficacy of the measure depends on there be-
ing a well-defined relationship between the observable quantities
(such as, flux and angular size) and the intrinsic properties (such
as, mass) of the source population.
As a first step towards analyzing our simulated maps, we ap-
ply a finite band-pass filter, equivalent to an annulus in ℓ space, to
the sky maps such that only Fourier modes (in the flat sky approx-
imation) with 3000 < ℓ < 6000 are retained. This corresponds to
an ideal CMB experiment reporting a single band power over the
specified range in ℓ. In principle, this approach can be generalized
to mock up the results for specific CMB experiment by applying
the corresponding window function to the ensemble of maps. We
choose a single idealized band for the purpose of providing a con-
crete demonstration.
The filtering scheme that we have adopted is a crude but a
reasonably accurate representation of the typical matched filter for
upcoming SZ surveys (Holder 2004). The matched filter is designed
to suppress both the large-scale signal due to the primary CMB
fluctuations and the very small-scale signal largely dominated by
detector noise. With sufficiently sensitive multifrequency surveys,
the primary CMB signal could be removed spectrally and the large
scales need not be filtered out, but the simplest approach would be
to take advantage of the separation of spatial scales and use this
information to remove the CMB through spatial filtering.
In order to characterize the nature of the SZ background, we
investigate the total SZ flux in the filtered sky maps at the projected
position of each input halo as a function of the halo mass. In Fig. 6
we show the fractional errors in the reconstructed flux, defined as
∆Sν
Sν,true
=
Sν,map − Sν,true
Sν,true
, (5)
where Sν,true is the SZ flux expected in the filtered map if the halo
under consideration was the only source present, and Sν,map is the
measured flux in the filtered map. The fractional error is very small
at the projected positions of massive clusters, but the same is not
true at the other end of the mass scale. At the projected positions of
the low mass systems, the SZ flux has significant contribution from
nearby neighbours, particularly neighbours with large footprints in
the sky. This, in turn, leads to a very large scatter in the fractional
error. At the risk of being repetitive, we stress that these maps do
not include pixel noise or primary CMB fluctuation and the only
noise here comes from sources overlapping with each other.
At this point, the approach of this paper is a huge advantage
compared to numerical simulations. As a function of mass and red-
shift we can calculate the exact SZ signal expected in the filtered
maps by simply filtering the models used to generate the maps.
There is no additional noise due to substructure, triaxiality, merg-
ers, or large scale filamentary gas. This is a pure test of projection
effects.
Figure 6. Fractional error in the SZ flux [calculated as (map-model)/model]
in the 2◦x2◦ filtered sky maps at the projected position of the input halos in
all 100 realizations of the S◦ = 200, σ8 = 0.9 model (right) and σ8 = 0.7
(left). The dotted lines show±20% errors. Each panel shows 10000 clusters
selected randomly from the ensemble of maps.
We define a mass scale at a given redshift as resolved if
the rms fractional error is less than 20%. The limiting mass
scale below which confusion becomes important is slightly above
1014h−1M⊙ for the S◦ = 200, σ8 = 0.9 model. As shown in
Fig. 7, this “confusion mass scale” varies with the redshift, typi-
cally decreasing as a function of redshift, and also scales with σ8.
We define the confusion mass averaged over redshift as the con-
stant mass threshold at which the rms fractional error of SZ flux
estimates above that mass is 20%, roughly corresponding to being
comparable to the noise level for a 5σ detection. The confusion
mass calculated this way can be well approximated by
Mconf = 10
14h−1M⊙(σ8/0.75)
2.5 . (6)
This confusion mass scale is not very sensitive to the details of
the cluster thermodynamics. This is because the dominant source of
confusion is due to clusters with nearly similar masses, and as long
as the limiting mass is not close to the mass scale where feedback
induces a qualitative change in the nature of the gas distribution in
the halos, feedback will impact halos with massess at, just above,
and just below the “confusion scale” similarly, leaving the mass
scale itself relatively unchanged.
To understand the origin of this background better, we took
the simulation volumes for our fiducial model and randomized the
halo positions within each box. We then repeated the mapmaking
exercise using the randomized halo positions to construct the sky
maps. The confusion levels did not, however, change appreciably
in these randomized sky maps, confirming that the effect described
here is a true background, and not simply one caused primarily by
the correlated distribution of structure in the vicinity of the objects
of interest.
Finally, we note that the background described above is effec-
tively an irreducible background, caused by structure on the same
scale and (obviously) the same spectral behaviour as the desired
objects. For this reason, we anticipate that this background is go-
ing to be the dominant source of noise for future generations of SZ
survey instruments. As a rule of thumb, the confusion limit cor-
responds to roughly ten objects per square degree; in this regime
catalog construction will be straightfoward and the results robust.
This surface density is not too dissimilar from that of typical confu-
sion estimates in astronomy (Hogg 2001), which is usually quoted
as of the order 25 beams per source. In this case, the beam is set by
c© 2005 RAS, MNRAS 000, 1–10
The Sunyaev-Zeldovich background 7
Figure 7. Mass scale below which confusion becomes a significant con-
taminant (see text for details) as a function of source redshift. From top
to bottom, the curves correspond to σ8 = 1.0 ( dot-dashed), 0.9 (solid),
0.8 (dashed), and 0.7 (dotted). The horizontal lines at the left edge of the
plot identifies the constant limiting mass that corresponds to 10 clusters per
square degree in each model. For σ8=0.9 there are three lines shown, cor-
responding to K◦ = 10, 200, 500 keV cm2.
characterisic scale of clusters rather than the observing beam, and
is therefore only approximate. However, 25 beams per source and
a density of 10 clusters per square degree implies a typical “beam”
extent (diameter) of 4’ per cluster. At a cosmological distance this
corresponds to a radial extent of roughly 0.5h−1 Mpc. The charac-
teristic scale of the clusters contributing to the confusion is there-
fore roughly half the virial radius.
If we define the confusion mass instead as the mass which
leads to ten objects per square degree for our cosmology, the con-
fusion mass becomes Mconf = 1014h−1M⊙ × (σ8/0.77)2.7 , re-
markably close to the scaling obtained from the maps. This sug-
gests that this really can be treated as a confusion limit and that the
effective beam size set by the galaxy cluster themselves is on the
order of 4 arcminutes.
For a catalog defined by a fixed threshold relative to the detec-
tor noise, the scaling of Mconf with σ8 given above leads to bit of
a paradox. At high values of σ8, there are many more clusters per
square degree and therefore, the Poisson noise is much lower. At
the same time, confusion sets in at a higher mass threshold, making
the task of constructing a catalog more challenging by increasing
the rate of false positive detections. At low values of σ8, the thresh-
old scale for confusion is lower, allowing for the construction of
very clean catalogs; however, because of the dearth of massive sys-
tems in low σ8 cosmologies the resulting catalogs will be much
more susceptible to Poisson noise.
The current generation of SZ survey experiments are expected
to have noise levels that allow imaging of clusters that are very
close to the confusion limit, on the order of 2×1014h−1M⊙. If σ8
is near 1.0, then there is not much to be gained by improving the
sensitivity, as these experiments will then be simply imaging the
SZ background at higher signal to noise. On the other hand, if σ8
is near 0.7, then the confusion mass is lower by nearly a factor of
Figure 8. Probability distribution functions of pixel values in filtered
(3000 < ℓ < 6000) maps for models with S◦ = 200 keV cm2 and
σ8=0.6,0.7,0.8,0.9,1.0 (top to bottom) [Left] and for σ8 = 0.9 and S◦
=10,500 keV cm2 [Right]. Results for all 100 realizations of each model
are shown. Solid lines show Gaussians with the same FWHM as the mean
of the 100 realizations for each model.
3; assuming that the SZ flux scales as M5/3 (the self-similar scal-
ing) this translates into the confusion limit being at a flux threshold
that is nearly 5 times lower. Real experiments have other concerns,
such as radio and IR point sources, atmosphere subtraction, detec-
tor noise, ability to do other CMB science, etc., but the cosmologi-
cal scaling of the SZ background could be an important considera-
tion for survey designs.
5 COMPARISON OF MAP STATISTICS
Experiments often report the power in a band, which we take to be
3000 < ℓ < 6000 in our case. This corresponds to the variance of
a map that has been filtered in Fourier space such that only modes
within an annulus in ℓ space have been retained. The variance pro-
vides the complete description of the signal in the filtered map if the
distribution of the pixel values is Gaussian. In Fig. 8, we plot the
histogram of the values of pixels in our sky map for the each of the
100 realizations of models with S◦ = 200 keV cm2 and σ8 spans
the range from 0.6 to 1.0 (top to bottom). We will discuss this plot
further in the next section. Here, it suffices to note that the the dis-
tribution of pixel values is, in general, not a Gaussian. The filtered
map, therefore, contains much more information than represented
by the variance, and of course, there is much more information on
the sky than in a single filtered map. However, we shall restrict our-
selves to analyzing sky maps filtered as described above and will
further restrict the discussion to one-point statistics.
Variance is an example of such a measure and as noted, it com-
pletely captures all the information in sky maps where the pixel dis-
tribution is Gaussian. However, in the case of non-Gaussian distri-
butions, the variance has its limitations. For example, the variance
is very sensitive to the tails of the distribution, much more so than,
for example, the full-width at half-maximum (FWHM) of the dis-
tribution. The two measures are somewhat complementary. Ideally,
one would like to have a simple one-point statistical measure that
is, for example, less sensitive to gas physics and more discrimating
between cosmological models as well as an indicator that is able to
isolate the effects of gas physics regardless of the cosmology, etc.
Here, we investigate the mean absolute value, FWHM, variance,
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skewness and kurtosis. We normalize all these statistics such that
they are equivalent for Gaussian statistics:
σvar =
p
〈x2〉 sˆ = 〈x3〉/σ3var
σfwhm ≡ FWHM/2.35 kˆ = 〈x
4〉/σ4var
σabs ≡ 1.25 〈|x|〉
The quantities in the left column correspond to skewness and kur-
tosis, respectively. Also, we remind the reader that the filtered map
has zero mean by construction, so there is no sensitivity to the mean
Comptonization.
The SZ power spectrum is known to be a sensitive function of
σ8 (Komatsu & Seljak 2002; Komatsu & Kitayama 1999), so we
first study the scalings of the various one-point statistical measures
with σ8.
As a first step, we plot in Fig. 8 the histogram of the values of
pixels in our sky map for the each of the 100 realizations of models
with S◦ = 200 keV cm2 and σ8 spanning the range from 0.6 to
1.0 in steps of 0.1 (top to bottom). Overall, the distribution of pixel
values in the sky maps becomes progressively broader and more
non-Gaussian as σ8 is increased,
In the filtered maps, the effects of the entropy floor are small,
as shown in the right panel of Fig. 8. The distributions are very
similar, indicating that the power spectrum in Fig. 5 is giving a fair
representation of the effects of preheating.
There is a significant degree of scatter from realization to re-
alization, as can be seen in Fig. 8, due to the Poisson noise in the
number of massive clusters. The strongly non-Gaussian wings are
also largely due to these massive clusters, rendering σvar an in-
creasingly poor statistic. We illustrate this in Fig. 8 by plotting, for
each σ8, a Gaussian with the same FWHM as the mean of the 100
realizations (solid curve). In addition to σvar, we also consider two
other one-point measures: σfwhm and σabs. The behaviour of the
variance and all the other measures are summarized in Table 1. All
indicators scale roughly as σi ∝ σni8 with ni = 7, as suggested by
(Komatsu & Kitayama 1999). Note that results are presented with
a proportionality symbol as a reminder that depletion of electrons
through star formation will lead to a reduction of the SZ effect.
Interestingly, increasing the amplitude of the entropy floor
drives the distribution towards slightly less non-Gaussianity. This
arises in part because the central Comptonization is reduced in each
cluster, reducing the number of high-y points. However, the effect
is very small. The scaling of the skewness with entropy floor is only
∝ S−0.2◦ and the kurtosis only scales as ∝ S−0.3◦ .
In interpreting Table 1 it is useful to consider the field-to-field
variance of the statistical indicator, shown in the final column for
the particular case of σ8 = 0.9, as well as in Fig. 9 . As a sta-
tistical indicator, the ideal probe would be a strong function of the
parameter of interest with small scatter. All the indicators of σ have
roughly the same scaling with σ8, so the scatter is the best compar-
ison tool. For an input σ8 of 1, the scatter in σvar indicates that
a typical map will give a 25% estimate of this parameter, leading
to a constraint on σ8 from a single 2x2 degree field that is on the
order of 7%. Using a better estimator with 15% scatter, such as the
full-width half-maximum, would lead to an estimate on the order of
4%. Of course, these estimates ignore pixel noise and primary CMB
contamination and are highly idealized. However, using only a sin-
gle “bandpower” the cosmological power of the SZ background is
promising.
Figure 9. Distribution of variances in filtered maps (3000 < ℓ < 6000) of
size 2 degrees on a side as a function of σ8 assuming fiducial gas evolution
(S◦ = 200 keV cm2. The 95% intervals are shown for three different map
statistics: σ2var (black solid), σ2fwhm (red dotted), and σ2abs (blue dashed).
Table 1. Summary of statistical indicators of filtered (3000 < ℓ < 6000)
SZ maps
statistic σ8 σx/x
scaling (mean) 2x2 sq deg
σ2var(µK
2) ∝101σ7.1
8
0.23
σ2abs(µK
2) ∝74σ7.2
8
0.16
σ2fwhm(µK
2) ∝47σ7.3
8
0.15
skewness 1.5σ−0.4
8
0.3
kurtosis 22σ−0.8
8
0.5
6 SUMMARY AND FUTURE WORK
SZ studies face a fundamental confusion limit coming from the su-
perposition of many faint sources that becomes significant at a sky
surface density of roughly ten clusters per square degree. By using
spherical analytic halos of known properties we have isolated and
quantified the confusion due purely to line of sight superpositions
of SZ sources.
The existence of the SZ confusion limit is a challenging lim-
itation to the ability to study low-mass systems with the SZ effect.
Projection effects will require that any study of systems much be-
low 1014h−1M⊙ will be necessarily statistical in nature, through
such things as cross-correlations with optical, X-ray, or lensing
maps, or stacking of many clusters to increase the signal to noise.
The SZ confusion limit found here should not be strongly im-
pacted by the current uncertainty in cluster gas physics, since it is
fundamentally determined mainly by the source density. If all clus-
ters were simply scaled, the relative flux between sources just above
and just below the confusion limit will not be changed. Even allow-
ing a mass-dependent depression or enhancement in flux will only
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be important if it is more dramatic than the exponential suppression
in the mass function at high masses.
We have shown that the variance is a crude tool to apply to SZ
maps, and that better cosmological discrimination is possible with
the fwhm or the mean absolute value and that in general the one
point PDF of SZ maps is likely to be a rich dataset. There is almost
certainly a much better single number that best captures the SZ pdf
as a function of parameters, but the future will probably be better
served by using a more complete treatment of the SZ joint pdf.
The work here only looked at a single parameter, σ8, and it
would be instructive to extend this work to include a host of other
parameters, such as Ωm and dark energy properties, to see how
different parameters affect the SZ pdf. This is ongoing work. How-
ever, even looking at only one parameter it is clear that the SZ back-
ground for cluster surveys is a function of cosmology and calibrat-
ing a selection function using only a limited set of cosmological
models is dangerous.
The amount of substructure in clusters could be sensitive to σ8
and using “realistic” cluster profiles from N-body simulations that
include hydrodynamics and astrophysics will be required to under-
stand the details of the SZ background. At the same time, it must
always be kept in mind that the SZ background is being largely pro-
duced by objects that are currently barely studied observationally;
the properties of these objects have not been used to tune numerical
simulations.
Ultimately, the distribution of SZ values and their spatial cor-
relations will connect to source counts as a function of redshift,
which suggests that the SZ “power spectrum,” whether using the
variance or some better statistic, can benefit significantly from
crude redshift estimates of all pixels, and not just the brightest few
pixels. This is under investigation; a complete investigation of the
multiwavelength characteristics of every position on the sky is a
large undertaking.
The SZ background will soon be imaged at high resolution.
We have demonstrated that there is a wealth of cosmological and
astrophysical information in this signal, perhaps most obviously ev-
ident from a glance at the maps shown in Figs. 2 and 3. This wealth
of information will allow for great advances in our cosmological
and astrophysical understandings, but it is clear that the large recent
advances in instrumentation must now be matched by advanced
new tools for interpreting the signals.
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